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SPEEIB KCTD .ZERO ANGm OF ATTACK 

By Robert W. Warner 
- 

SUMMARY 

Ekperimental fhtter W c h  numbers fo r  several.  solLd, thin, rectangu- , 

lar cantilever w i n g s  with uniform section  properties,  low  aspect  ratio, 
and high relative  density have been estbted  frm the  results of previous 
tests  at  zero  angle  of attack. These experimental values.are  considered 
estimates,  rather  than  determinations, in the high subsonic  speed  range 
because in that  range  the  amplitude  criterion  used  for  the  flutter  Mach 
numbers,  although carefully chosen and  consistently  applied, was neceesar- 

"standard"  analysis and what  is  herein termed a "refine&'  analysis.  The 
standard  analysis was unconservative  relative  to  experiment for the wings 
of highest  relative  density.  The refined analysis  contained  approxfmate 
corrections  for  Compressibility  and  finite span effects which improved the 
agreement  between  analysis  and  experiment. 

I ily  arbitrary. The experimental esthates are  carpared with a so-called 

W 

The basic  purpose of the  present report is  the  camparison of two  types 
of flutter  analysis  with  wind-tunnel results which indicate  low-angle-of- 
attack,  bending-torsion  flutter.  These  results  were obtabd during tests 
reported in references 1 and 2.. Reference 1 is a flutter  report.  Refer- 
ence 2 is a static-data  report,  but during the  tests  reported in refer- 
ence 2 hitherto  unpublished  flutter data were  recorded as a by-prbduct. 

T The wings considered  herein  are  solid, thin, rectanguhr, and canti- 
lever  with  uniform  section  properties, low aspect  ratio,  and  high  relative 
density.  The  estFmated  flutter Mach numbers  are  generally in the high 

m 
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subsonic  speed  range.  The  test  Mach  numbers  ranged frog 0.4 to 1.10 with 
corresponding  Reynolds  numbers fkom 1.25 to- 2.05 million.  The  tests, 
described  in  references  l.and 2, were  performed on the  transonic  bump of 
the  Ames  16-foot  high-speed  wind  tunnel. 

Y 

Two types of flutter  analysis,  both  employing  the  first-bending and 
first-torsional  modal  distributions  along  the span, are  used  for  compar- 
ison  with  the  experimental  flutter  Mach  numbers.  One  is the so-called 
"standard"  analysis.  This  occasionally,  as  in  the  present  case, employs 
m o d a l  distribution8  but  often  does  not  (ref. 3 ) .  The  other  type  is 
referred  to hereiwas the  "refined"  analysis  because  it  represent6 a 
refinement  relative to the  standard  analysis. No implication of absolute 
refinement is Intended. 

In the  standard  analysis,  two-dimensional  air  forces  for  Incompres- 
sible flow are  used  without  consideration  of  aerodynamic  effects of span. 
In  the  refined  analysis,  two-dimensional  air  forces for campressible flow 
(tabulated  in  ref. 4) are  employed  with  air-force  magnitudes  corrected in 
such a manner  that  the load distribution would be elliptic  if  the  wing 
were  rigid.  In  all  other  respects  the two types of anaLyeie  are ~imilar 
in  principle. 

A great  deal of work has already  been  done on the  comparison of 
flut-ber  analysis  with  experlment,  as  indicated  in  reference$ 3 to 13.  
In general,  the  emphasis  has  been  placed on ascertaining  whether  the  stand- 
ard  analysis  is  conservative  relative  to  experiment. A generalization 
which  can  be  inferred  from  the  data fn references 5 to 13 is  that  stantlard 
analysis  has  always  been  conservative  for  unswept wings tested at high sub- . 
sonic  speeds  and l o w  angles of attack, prodded the  relative  density  is 
greater  than 40 and the  structural  aspect  ratio  (defined  in  the list of 
symbols)  is  less  than 9. Since  the wings of references 1 and 2 are in 
this  category,  the  present  comparison of experimental and standard analyt- 
ical  flutter  Mach  numbers is important  as a check on the  generalization 
as to conservatism. 

.r 
e 

A second  type of canparison  is a l s o  of -importance.  Regardless af 
comervatism,  how close is the skda rd ,o r  refined analytical  flutter 
Mach  nmiber to the  experinental f lu t te r  Mach number? 

The  uncertainties  in  the  analytical  and  experimental  flutter  Mach 
numbers are also considered.  Since  the  vibrations  reported  at  zero  angle 
of  attack  in  reference--1  occurred  over a wide  Mach  number  range, ilt has 
been  difficult  to  determine  the  flutter  Mach  numbers  for  the  wings  from 
that  reference.  Hence,  the  experimental  flutter  Mach  numbers  are  can- 
sidered  estimates  rather than determinations.  The  method of estimation 
is  given  detailed  consideration  herein.  Further  illustration  of  the dif- 
ficulty of experimental  flutter  Mach  number  estimation in the  transonic 
speed  range can be found in reference 14. 
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A full-span  structural  aspect r a t i o  
(Fuselage, when present, i s  not  included in span. ) 

M Mach  number  of f l u t t e r  in  wind tunnel 

MO Mach  number of f l u t t e r  according to standard  analysis 

M r  Mach  number of f l u t t e r  according to  refined  analysis 

va f ic t i t ious   f lu t te r   ve loc i ty ,  assumed ~n analysis,   f t /sec 

a distance of elast ic   axis  aft of midchord, i n  wing semichords 

b wing semichord, f t  

C 

ka 

m 

r, 

8 

P 

Ir 

w 

*a 

speed of sound in tes t   sect ion a t  f l u t t e r  Mach number, f t /sec 

f i c t i t i o u s  reduced  frequency, assumed in analysis, - 
wing weight per  unit  span, lb/ft 

Wap 
b 

radius of gyration of wing section  per  unft span, i n  w i n g  
semichords 

distance of section center of gravi ty   a f t  of e las t ic   axis ,  
in wing semichords 

displacement ra t io ,   the  m a x i m u m  wing thiclmess i n  uing chords 
or  the double  amplitude of ver t ica l  motion i n  wlng chords, 
whichever i s  larger 

air density i n  tes t   sec t ion  a t  f l u t t e r  Mach number, lb/cu f t  

relative  density of w g ,  - m 
X pb2 

frequency of f l u t t e r  in wind tunnel,  rdians/sec 

f i c t i t i o u s   f l u t t e r  frequency  corresponding t o  V, and k,, 
radians/sec 

frequency of f l u t t e r  accord- t o  standard  analysis,  radians/sec 

frequency of f l u t t e r  according t o  refined  anabsis,   radians/sec 

f i r s t  natural  torsion& frequency, rd ians /sec  

f i r s t  natural  bending  frequency,  radians/sec - 
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ANALYTICAL ESTIMATION OF FLUTTEX CHARACTERISTICS 

Description of the Two Typee of Analysis 

Aerodynamic par-meters used in  the  analyses.- Two-dimensional s t r i p  
theory for incompressible flow is used in the  standard analysis ( ref .  3) . 
In  the refined analysis two-dimensional air forces  for compresEible flow 
( tabulated i n  ref. 4) are employed and are modified so that the load dis-  
tr ibution would be e l l i p t i c  if the wing were r igid.  For the etandard 
analysis,  then, a i r  forcea  vary  according to   t he  m o d a l  distribution along 
the span. For the refined  analysis,   air   forces vaxy according t o  the prod- 
uct of the modal distribution and the   e l l i p t i c  loading. The e l l i p t i c  
f i n i t e  span correction does not  affect   the phase of the air forces. 

Structural  parameters  used i n  the  analyses.- In both type8 of analy- 
sis the  structural  demping is taken t o  be zero, a good asamption for 
solid  metal wings. Section masB distributions,  center-of-gravity  positions, 
and r ad i i  of gyration are determined analytically, and the  elastic-axis 
locations  are measured. The m o d e  shapes  used for all wings and the struc- 
tural frequencies used for   the wfngs wi th  NACA 63~-002 section are those 
calculated by uniform beam theory  for a fixed-root  cantilever beam. For 
the wings from reference 1 (NACA 64A-002 section)  the measured s t ructural  
frequencies  are used. 

Analytica1techniques.- In  both  the reflned and the stand.ard analyses, 
the number of degrees of freedom considered i s  res t r ic ted  t o  two, f irst  -4 

bending and first torsion, and these are modal distributione along the 
span. The  two structural  frequencies, although actually known, are taken 
as the two variables i n  t he   f l u t t e r  equation. u 

For the  standard  analysis (with Mach  number always assumed t o  be zero 
for the alr forces)  the  flutter  equations can be solved when a value of 
the reduced frequency is selected. The solutions for the two structural  
frequencies are expressed i n  t e r n  of the f l u t t e r  speed. Thus a grid of 
curves  having  reduced  frequency k, and f l u t t e r  speed V a  8s parameters 
can be put on p lo ts  with the structural  frequencies as axes. The knam 
values of  the  structural  frequencies  then give the actual analytical  
reduced  frequency and f l u t t e r  speed, and from them the  analyt ical   f lut ter  
frequency can be found. 

For the refined analysis, however,  a Mach  number, a8 w e l l  as a 
reduced  frequency, must be assumed for   the air forces  before  the  f lutter 
equations c m  be solved. The calculated  f lut ter  Mach  number corresponding 
to   the  assumed Mach  number is  then found as in  the  standard analysis, with 
the   f l u t t e r  speeds, Va,  selected  to  bracket  the wsumed Mach number. The 
c&culation is repeated with different assumed Mach numbers until one is  
found which agrees closely with its reeultlng calculated flutter Mach num- I 

ber. The actual   analyt ical   f lut ter  Mach number is then taken a8 the aver- 
age of the final assumed and calculated Mach numbers. 

-L 



Figure 1 shows, for  the  2-percent-thick  aluminum  wing of aspect 
ratio 3 described in table I, the  parametric  flutter  curves  for  the 
standard  analysis  and for the  final  iteration in the  refined  analysis. 

. 

Possible  Sources  of  Error in Analytical  Flutter Mach Number . 

Possible  errors  due to the aerdynamic paxameter8.- In the  discussion 
of the  aerodynamics  only  the  refined  analysis  is  considered  since  the 
standard  analysis  is  merely  expected  to  employ  "standard"  air  forces,  not 
close  approximations of actual afr forces.  There  are two general  catego- 
ries of error in the  aerodynamics of the  refined  analysis:  the  lineax- 
ization of the.air forces and the  approximation  of  the  finite-span  effects. 
The significance of the  lineazizatian is considered fhs t .  

The  linear  aerodynamic  theory  applies, of course, only in the  ranges 
of Mach  number, M y  reduced  frequency, k, aspect  ratio, A, and displacement 
ratio, 6, in which  there  is no flow  separation.  (See  the list of symbols 
f o r  the  definftions of these  terms.)  For 821 oscillatory thin wing of fin- 
ite span at any Mach  number,  Miles  (ref. 15) states the necessary  condftions 
for  linearization. All of the following  must  be  satisfied: 

6, ME, k6, kM6 << 1 (1) 

and  at  least  one of the following: 

Note  that  Miles  canfines 6 to the  thickness  ratio  but  his  basic  reference, 
reference 16 in  the  present  report,  defines 6 as used herelm. 

Since  the  refined  analysis cwers the ranges 0 < M 5 1 and 0 < k < 1, 
conditions (1) axe  everywhere  satisfied for reasonably  mild  oscillations 
of the  present  thin wfngs. Such M and k range8,  however,  mean that the 
first two of conditfons (2) are  not everywhere  eatisfied.  Hence,  with an 
exception  noted  later,  justification  for  linearization is expected from 
the  inequality: 

A6"" << 1 (3)  

From the  theoretical  viewpoint,  the inequality ( 3 )  applies to the  steady 
or  the  oscillatory  case,  with 6 including  only  the thichess ratio in 

" the  steady  case. 
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Mow, through  the  analysis of experimental  results, McDevitt (ref. 17) 
has  extended  conpition (3)  for  the  steady  case  (rectangular wings) to   the  
following: 

The fact   that   the   theoret ical ly  determined inequality . (3 )  applies  to  both 
the   s t a t i c  and the  oscil latory cases suggests that the  experfmental bound- 
ary (4) c8.n be extended. from the  static  to  the  oscil latory  case.  This 
extension  requires  experimental  verification, of course. In  the absence 
of such veriffcation, however, it is assumed th8t  linear  theory i s  euffi-  
ciently  accurate  for  the  present  oscillatory wings if  those wings f a l l  i n  
the  region  defined by boundary ( 4). 

Tn the  application of condition (4) to  the  present wings, 6 is  first 
considered as the.  thfckness  ratio. If. a wing satisfies  condition (4) with 
a margin, then oscillations  with an amplitude r a t i o  higher  than  the  thick- 
ness  ratio by an amount suff ic ient   to  remove the margin can be analyzed 
with  linear  theory even at M = 1 and k 0. The present  restrictions do 
not require  that   l inear  oscil latory air forces can exist when the  steady 
air forces  are  nonlinear. ( In  this connection-it i s  interesting t o  note 
tha t  on page 30 of reference 18, Mollo-Christensen and Lewis conclude for 
the wings they tested "that for  very low amplitudes of oscillation,  the 
l inear  unsteady effects  can be superimposed upon the nonlinear t h i c b e e s  
effects.  ") 

On the  basis of the  present  criterion, the lineas  theory is suffi- 
ciently  accurate at small amplitudes for  a l l  wings in table I except  the - 
aspect-ratio-4 and -6 wings. Actually,  the  aspect-ratio-4 wing has 

w i n g  is expected t o   f l u t t e r  at a suff ic ient ly  low Mach  number t o  permit 
l inearization on the  basis of t h e . f i r s t  of conditions (2). Altogether, 
l i t t l e  error i s  anticipated at low amplitudes as a resu l t  of the  applica- 
t ion of linearized  theory,  provided  the boundary (4)  actually can be 
applied  to  the  oscil latory case. 

= 1.09, which might be considered  borderline; and the  aspect-ratio-6 
" 

A greater likelihood of significant error  i n  the a i r  forces used for 
the  refined  analyeie  appears t o  l i e  in the second category,  the approxima- 
t ion of the  finite-span  effects. There is no theoretical juetification 
fo r  superposing a finite-span  correction on a Mach number._correction. 
While the  present approach probably  gives a good approximation as t o  the 
effect  of f i n i t e  span on air-force magnitude, no correction i s  included 
as t o  phase. This is- cer ta in   to  cause some error, which i e  f e l t  t o  be 
significant but not unduly large. The precise magnitude of the  error 
c m o t  be evaluated  since air forces on an osci l la t ing and deforming rec- 
tangular wing a t  high subsonic  speeds have not been tabulated. 

. .  

" 

L 
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Possible  errors due t o  the  s t ructural  parameters.- It is  believed 
that the  only  possible  sources of error worth considering among the 
s t ructural  parameters me  the  neglect of chordwiee  bending and the  use 
of analytical  structural  frequencies  for  the wings of NACA 63~-002 section. 
Concerning  chordwise  bendlng, t he   f l u t t e r  movies ehowed no dts t inc t   t race  
of it. Its neglect i s  a l so   jus t i f ied  t o  some extent by the  fact  that the 
use of fixed-root beam theory  duplicated  the- measured s t ructural  frequen- 
c ies  of reference 1. Such agreement a l so  just i f ies   the  use of analytical  
structural  frequencies for the wings of NACA 6311-002 section,  paxticulmly 
since  thoae wings would tend t o  have effectively  flxed  roots  during a 
br ief   f lut ter   observat ion  ( the  root   f ixi ty  i s  diacussed more fu l ly  l a t e r ) .  
Apparently there is l i t t l e  llkellhood of error due t o  the  s t ructural  
'pasmeters. 

Possible  errors due t o  the  analytica1techniques.- In  both  the  stand- 
ard and the  refined  analyses,  there is some question as t o  whether the 
first bending and f i r s t  torsion modes axe mf f i c i en t  t o  descrfbe  the 
f l u t t e r  motion. It seems they  are f o r  the  present wings, however, since 
a  preliminary analysis which a l so  included  the second  bending mode  showed 
that tha t  mode contributed  essentially nothing to   the   theore t ica l   f lu t te r  
shapes and did  not change the   f l u t t e r  speeds. Hence, the second  bending 
mode  was ignored fn subsequent  analyses. 

If the  standard analysis is  actually t o  be a reference  type of analy- 
sis, then  variations from that "Btandard'* may be regarded as errors. Only 
one such variation i s  present in  s t e d  analysis as  generally  applied 
t o  unswept wings of the aspect r a t i o  and relative  densfty range under con- 
sideration. That is the use o r  nonuse of modal distributions along  the 
span (see refs. 5 to  13).  PrelFminary calculations  indicated  that when 
f i r s t  bending and f i rs t  toreion are the  significant structural frequencies, 
the   ana ly t ica l   f lu t te r  speeds are essent ia l ly   the same with and wlthout 
modal functions. Hence the use of modal functions f o r  the  present  standard 
analyses  does  not  represent a significant  deviation from any previous 
standard  analyses. 

I n  the  refined  analysis  there may be a mal1 er ror   wis ing  from the 
averaging of calculated and assumed Mach numbers t o  give  the  analytical 
f l u t t e r  Mach numbers. Since the i terat ions were continued unt i l   the   ca l -  
culated and assumed Mach numbers differed by &z1 increment of less  than 0.05 
th i s   e r ror  i s  not  considered  significant. In general, it i s  believed that- 
the  analytical   techniques  contribute  l i t t le or no error t o  the  analytical 
estimation of the  f lut ter   character is t ics .  
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EXPERIMENTAL ESTIMATIOM OF FUJTTEB CHARACT'ERISTICS 

Tests  Including  Supercritical  Flutter  Mach  Numbers 

Models.-  The  models for which  supercritical  flutter Mach numbers  are 
available  are  described in reference 1. They  were  solid  aluminum  or  steel, 
rectangular,  and  cantilever  with no fuselage  or  external  stores. All sec- 
tions  were 2 percent  thick and symmetrical. 

The  models  from  reference 1 considered  at  present  are  the 64A-002 
models  listed in table I. Relative  densitiee (p) ranged  from 56.5 to 
186.6, and  structural  aspect  ratios  varied from 2-2/3 to 4. 

Test  procedure,- In the  tests  reported in reference 1, caref'ul  atten- 
tion  was  given  to  attaining a rigid  root  fixity.  The wings were  attached 
to  the  massive  transonic  bump of the  16-foot  wind  tunnel  with  clamps  con- 
toured  to  the  wing  profiles  (Bee  fig. 2 fo r  tunnel  test  section).  The 
clamps  exerted 800 pounds of force from the action of an air  cylinder. 
The effectiveness of the  clamps was checked  by  retestfng  observed  flutter 
conditions  with  the  clamps  rigidly  bolted,  and  the  observed  flutter  con- 
ditions  did  not  change. 

The  procedure  consisted  essentially of the  visual  observation of any 
vibratlon  that  occurred  for  each  combination of aspect  ratio,  Mach  number, 
and  angle of attack (only angles of attack  within 1/2O of zero  are  con- 
sidered  in  the  present  report).  Where  possible,  frequencies  were  deter- 
mined  by  comparing on an oscilloscope  the  signals  from an audio  oscillator 
and from a vibration  pickup. In a few of the  cases  where  the  oscilloscope 
indicated  no  unique  frequency,  high-speed  motion  pictures  were  available 
and enabled a definite  frequency  to  be  determined. 

- 

* 

- 

Method of experimental  flutter  Mach  number  estimation.- As etated in 
reference 1, the  vibrations  at law angles of attack  were  hard  to  define 
(contrary  to  the  stall  flutter).  The-difficulty  is  evident Fn figures 
3 and 4, taken from reference 1, where  vibratfone of limited  amplitude 
are  reported  over a wide  range of Mach  numbers  at  zero  angle of attack. 
It  is  not  valid  to  as8ume  tbat  the  flutter  Mach  number is the  lowest Mach 
number  where any low-intensity  vibrations  were  observed.  Such  vibrations 
could  be  forced  by  the  smallest  amount of tunnel-wall  vibration  or  sir- 
flow roughness,  provided  the  positive  damping has been sharply reduced by 
the  air  forces. On the  other  hand,  it  cannot be said that flutter  is  not 
present  at a given  Mach  number simply because  the  amplitude  is  relatively 
low  inasmuch  as  aerodynamic  nonlfnearities  could  prevent  destructive 
osclllations, pmticularly when  the  Mach  number  is  near  or  in  the  subsonic 
but  supercritical  speed range of the-model. t 
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Hence a cr i te r ion  was required to  f i x  the degree of vibration inten- 

f l u t t e r .  Since  the  criterion must be applied t o  the data of reference 1, 
certain of the figures frm that reference which show points of "inter- 
mittent  f lutter ' '  and "steady  f lutter" on plots  of angle of attack versus 
Mach  number a re  reproduced i n  the present report as figures 3 to 6. Fig- 
ure 5 is illustrative of the  figures from reference 1 in which there i s  
no subsonic f l u t t e r  a t  zero angle of attack. Figure 6 . i s  included t o  
show the only  case of apparent  subsonic f l u t t e r  at  zero angle of a t tack 
which was rejected,   for reasons given below. Hence figures 3 and 4 are  
the  only ones fran w h i c h  f l u t t e r  Mach numbers  were obtained f o r  the w i n g s  
from reference 1. 

- s i t y  that could be regarded .as the beginning of low-angle-of-attack 

The f l u t t e r  Mach  number is  defined a8 the lowest Mach number a t  
which the damping goes to zero. In the  present  cri terion it is  assumed 
that the damping reached  zero a t  those Mach runnbers where "intermittent 
f lu t te r"  o r  I' Steady f lu t t e r "  at zero angle of attack reached such an 
intensi ty  that the observers P e l t  they  could  not safely m i s e  the angle 
of at tack above zero. Thus in figures 3 t o  6 the f l u t t e r  Mach number is 
the lowest Mach  nlxmber a t  zero angle of attack for which a cross is super- 
imposed on a c i r c l e  or a square. 

As an example of the application of this cr i ter ion,  the f l u t t e r  Mach 
numbers from figure 3 are 1.06 f o r  A = 3.00, 0 . 9  f o r  A = 3.33, and 
0.94 fo r  A = 4.00. Actually, results fo r  the A = 3.00 w i n g  were not 
used  because the  present  report is not concerned with supersonic  f lutter.  

- The consistent  variation of f l u t t e r  Mach number with aspect   ra t io  that 
is  indicated f o r  these wings could have been  maintained by the A = 3.67 
wbg if the experiment f o r  that w5ng had included Mach n h e r s  'higher - than 0.94. 

A s  mentioned previously, one case where the above cr i te r ion  was sat- 
i s f i e d  a t  subsonic speeds was rejected; that case w&s at  M = 0.83 f o r  
the A = 5.00 wing of f igure 6. The data f o r  this wlng w e r e  rejected 
because there was no sequence, with varying aspect r a t i o ,  of f l u t t e r  Mach 
numbers satisfying the cr i ter ion.  It is possible that the  violent vibra- 
t ions a t  angles of attack s l igh t ly  above zero were caused primarily by 
aerodynamic disturbances  resulting from the spaswise-running s l o t s  on 
these particular w i n g s .  This possibi l i ty  i s  strengthened by the lack of 
such  vibrations  for the corresponding  unslotted wing ( f i g  . 5 )  . 

The criterion  used has two &vantages f o r  preeent m o s e s :  F i rs t ,  
it is  d i rec t ly   re la ted  to the data in reference 1, which are f e l t  to be 
repeatable. Second, since it i s  applied  cansistently, it increases  the 
probabili ty that all f l u t t e r  Mach nutiher estimates  ace in the same p m t  
of the  range of uncertainty. 

Sources of uncertainty in the  estimation of experimental f l u t t e r  
Mach numbers.- The sources of uncertainty in  the test procedure which must 
be  qualitatively  evaluated  are  buffeting and wind-tunnel  reeonance. 
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Buffeting i s  no problem because the tests rep0rted.h  reference 19 indi- 
cate  that   the  buffet   force is negligible at zero  angle of attack  for  the 
very  thin wings considered. herein. Wind-tunnel resonance  frequencies 
were not  calculated because of complications due to   t he  odd tunnel  cross 
section  (see ref. . 2 0  and f ig .  2 of the  present  report) . Even at resonance 
frequencies, it is  f e l t  tha t  resonance effects would be emall because (1) 
the wing was small   relative  to  the test section, and (2) the  reflections 
would be dispersed t o  some extent. 

The fact tha t   the   c r i te r ian   for   f lu t te r  Mach  numbera was arbi t rary 
represents  the  principal  uncertainty, and a major one, in the  estimation. 
One thing, however, is believed t o  be certain, namely, that  at the Mach 
number established by the  criterion,  the wing was fluttering. It i s  not 
l i ke ly  that a vibrat ion  suff ic ient ly   violent   to  make an observer unwilling 
t o  raise the  angle of attack above zero  could be forced by a mall amount 
of flow roughness or  wind-tunnel vlbration as long as positive damping is 
present in  any significant  quantity. The only  remaining  cause of vibration 
for the  present wings in  the  present wind tunnel is f lu t t e r .  Hence, the 
cr i ter ion can be in   e r ro r  only insof- as  it determines  too high a f l u t t e r  
Mach number. The degree of this  uncertainty is an unknown quantity. It 
is f e l t  t o  be significant  but  not unduly large. 

Tests Resulting i n  Subcrit ical   Flutter Mach Numbers 

Models.- The two mcdels in table I with the NACA 6311-002 section, 
which were tested  with the wings of reference 2 but  not  reported  therein, 
both  f lut tered  in   the  subcri t ical  speed  range. These models were eimilar 
to   those from reference 1 with the  following  exceptions:  Relative  densi- 
t ies (p) were 43.1 and 46.0 with  both models made of sol id  aluminum aLloy. 
Structural  aspect  ratfoe were 4 and 60 

T e s t  procedure.- In  the tests reported in  reference 2, the models 
were r igidly  a t tached  to  a strain-gege  balance i n  the transonic bump. 
(See f ig .  2 for t m e l  test section.)  Since  the  balance was very heavy, 
it is  fe l t  that   the  model roots were effectively fixed, at least for  the 
brief time interval  required  for a f l u t t e r  observation. 

The procedure  consisted of the visual  observation of any vibration 
t h a t  occurred f o r  each  cmbinatian of aspect  ratio, Mach number, and angle 
of attack  (only  angles of attack within 1/2O of zero are considered in the 
present  report). 

Method of experimental f l u t t e r  Mach  number estimation.- The flutter 
Mach numbers  were simply selected as those where the  observers first saw 
violent vibrations at-zero  angle of attack. The only wings whfch vibrated 
violently  but  are excluded from the  present  report are those which did so " 

only at an angle of attack w e l l  above zero. 
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Sources of uncertainty in the  estimation of experimental  flutter 
Mach  numbers.- Again there  is  little  uncertainty  resulting  from  the 

for  the  same  reasons  given  for  the wings of reference 1 (NACA 64~-002 
section).  Since  violent  vibrations  developed  rapidly  with  increasing 
Mach number  at  definitely  subcritical Mach rnrmbers,  the  flutter  Mach num- 
ber  estimates  seem  essentially  free fm uncertainty  for  the w i n g s  with 
the NACA 69-002 section. 

- procedure.  Buffeting and tunnel  resonance m e  considered  unimportant 

Presentation of Results 

The  comparison  between  experimental  and  analytical  flutter  Mach 
nmbers is  presented in t&le I and  figure 7. The analysis predicted no 
subsonic  flutter for the wings w h i c h  did  not  flutter  subsonically. As 
stated  previously,  frequency  data  for  the wings of reference lwere 
limited  by  dj-fficulties in oscLl"oscope  readfng and a shortage of Ugh- 
speed  motion  pictures.  Reference 2 is & static-data  report and frequen- 
cies  were not measured  during  the  tests  reported  therein.  Hence,  experi- 
mental  flutter  frequencies  &re  given only far  three of the w i n g s  from 
reference 1. Figure 8 shows a cycle of motion from the  high-speed  movies 
of the  aspect-ratio-3  aluminum wings and is  illustrative  of  oscillation 
amplitudes w e l l  above  the  estimated  flutter  Mach nmber. 

Conservatism of Standard  Analysis  Relative to Experiment 

In this  section the concern Ts not  whether  the standard analysis 
gives  flutter Mach numbers which  are  close to those of experiment  but 
rather  whether  the  stand.& analysis ie  conservative  relative  to  exper- 
iment. It can  be  seen from figure 7 and from  the Mho column of table I 
that  the  standard  analysis  w&s  conservative for the  aluminum wings and 
unconservative  for  the  steel  wings. This result  is  more  likely to be a 
relative  density  effect  than a Mach  number  effect  since  one of the alum- 
inum whgs h8.d an estfmated  flutter  Mach  number  as  hfgh as those of the 
steel  wings. Also, Etnalyticel  flutter  Mach  numbers by the standard 
analysis m e  higher than those  by  the  refined  analysis only for  the  steel 
wings. 

As pointed.  out in the  Introduction,  previous  tests of similar wings 
(unswept,  relative  density  greater than 40, structural  aspect  ratio  less 
than 9 )  in the same speed and angle-of-attack  range  showed the slx~ndard 
analysis  always  to  be  conservative.  The  present  steel  wings  contradict 
this  trend. It should be noted, however,  that  none of the WFngs used in 
establishing  the  trend  had  relative  densities as high as the  present 
steel -8. 
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Closeness of Analytical and Experimental Results 

In t h i s  section the concern is  with the  closeness of analytical  and 
experfmental resu l t s  rather than x i t h  conservatism. Frequency comparisons 
are excluded  because of insufficient data. 

The M / M r  column of table I shows that the refined  analysis gave 
f l u t t e r  Mach numbers with* 5 percent of the experimental f l u t t e r  Mach 
numbers fo r  a l l  but one of the wings and within 10 percent  for all the 
wings. The M/Mo columg shows that standard  analysia gave only two 
f l u t t e r  Mach numbers within 5 percent of the corresponding experimental 
values and that for two of the six wings the difference exceeded 10 
percent. The absolute comparisons are most eas i ly  seen in figure 7. 

Interpretation of Analytical and Experimental  Uncertainties 

The standard  analysis i s  probably sufficlently  accurate &a a refer- 
ence type of analysis. As a means of f l u t t e r  Mach  number estimation, 
however, it suffers from the  fact  that "standard" air   forces  are not 
intended t o  be real is t ic   for   the  present  wings. 

The refined  analysis should be better as an actual means of estima- 
t ion.  The discussion Of possible  errors i n  the refined  analysis reduced 
the s ign i f icant   poss ib i l i t i es   to  the lack of phase correction in the 
finfte-span approximation. The magnitude of t h i s  error  cannot be rigor- 
ously evaluated  but i s  f e l t  to be not unduly large. 

The examination of experimental  uncertainties developed the following: 
(1) that the estimates for the two wings  which vibrated violently in the 
subcri t ical  speed range  (those with the NACA 63~-002 section) are probably 
essentially  accurate, and (2)  that  the estimates  for the four wings with 
violent  vibrations  largely i n  o r  ne= the supercr i t ical  speed range  (those 
from ref. 1) probably  give the upper limits for the ac tua l   f l u t t e r  Mach 
numbers but s t i l l  involve  uncertainties of  unknown magnitude. Although 
these  uncertaintles are not f e l t  t o  be unduly large,  the  experimental 
f l u t t e r  Mach number estimatione for the wings of reference 1 cannot be 
regarded as determinations. 

Experimental f l u t t e r  Mach numbers a t  zero  angle of attack have been 
estimated from the  resul ts  af teets  reported in references 1 and 2. The 
result8 a t  high subsonic  speeds from reference 1 are  considered estimates, 
rather  than  determinations,  because at those  speeae the amplitude criterion 
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used f o r  the flutter M& numbrs, although carefully chosen and consist- 
ently applied, w a s  necessarily  arbitrary. The experimental  values have 

"refined" analyeis. The following axe the  principal concluding remarks: 
- been compared with a *'standmd'' analysis a d  what has been called a 

1. The standma analysis was conservative  relative  to experiment 
for  the aluminum m g s  and unconservative  for  the steel w i n g s .  

I 
2. The refined andysis gave f l u t t e r  Mach numbers dthin 5 percent 

of the  experimental  flutter Mach numbers for  a l l  but one of the w i n g s  and 
within 10 percent  for all the wings.  For several of the wings, standard 
analysis gave a much wider  disagreement. 
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Figure 1.- Parametric f l u t t e r  curves for  the  2-percent-thick aluminum 
wing of aspect   ra t io  3 .  
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Figure 2.- Sketch of. t e s t  section ahowing one of the models i n  place. 
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'%"0r~ '3 '~  "A1*or "S" No. 
denotes denotes denotes 

63A-series aluminum aspect  
or 64A-series or steel  rat io 

a i r f o i l  y r g  / 
(example 4 S 4 )  

All wings 2%thick 
0 
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Conservative 
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Tunnel  flutter  Mach  number, M 

Figme 7.- CamparFson of analytical and tunnel flutter Mach nmbers. 
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